High-energy X-ray focusing with bent-crystal monochromators is known to be hampered by socalled depth or crystal-thickness aberrations. A theoretical model of focus broadening based on the geometrical theory of X-ray diffraction in slightly deformed crystals is presented and compared with experimental data. First, it is shown that depth broadening can be avoided in the Laue geometry by an appropriate choice of asymmetry angle. Based on this finding, a monochromator for highpressure diffraction experiments has been designed and a source-size-limited focal spot below 10 lam is observed. As a consequence of the box-shaped rocking curve of bent Laue crystals, the focus is free of long-ranging tails. Diffraction patterns of standard powder samples were recorded on imaging plates and a theoretical description of the energy-dispersion-related peak broadening is given. Finally, diffraction patterns of N2 at 180 kbar demonstrate the excellent data quality achievable with this monochromator.
Introduction
Bent-crystal monochromators have been in use at synchrotron radiation facilities for more than two decades to monochromatize and focus the X-ray beam (Barrington Leigh & Rosenbaum, 1974) . They offer several advantages over mirrors and multilayers in hard X-ray microfocusing. Spherical aberrations are smaller due to the larger angle of incidence, and surface roughness and slope errors have no deteriorating effect because the beam is reflected by the intrinsically perfect lattice planes.
However, with the advent of third-generation synchrotron sources it became evident that the achievable focus size was in general larger than the demagnified image of the source. Part of the effect was attributed to the polychromatic aberration (Takeshita, 1995) .
We present a model of focus broadening based on the geometrical theory of diffraction that takes into account the trajectory of the beam in the distorted crystal as well as the boundary conditions at the exit surface. Experimental results obtained in Bragg and Laue geometry corroborate the theory.
High-pressure diffraction experiments require focus dimensions of 25 ~tm at about 30 keV photon energy, where the high energy is essential to reduce the absorption by the diamond in the anvil cell. In order to minimize the background intensity from the gasket, the focal spot should be free of a long tail and good positional (thermal) i*.~ 1998 International Union of Crystallography Printed in Great Britain -all rights reserved stability is essential. Cylindrically bent Laue crystal monochromators provide all these properties.
Bent-crystal focusing

Geometrical focusing
Focusing of X-rays by bent crystals is based on a change in the Bragg plane orientation. In meridional focusing the relation between the source distance, p, and the focal distance, q, is given by where and q =qo/(2-po/p), (1) Po = RYo = R cos(x -t-On), q0 = RlYhl = RI cos(g :F 0B)I are for monochromatic focusing. The asymmetry angle, X, is given by the angle between the crystal surface normal and the Bragg planes, and the lower signs correspond to a beam incident between these two directions. The bending radius, R, is positive when the beam is incident on the concave side, and p is positive for a real source.
Bent-crystal rocking curves
The geometrical focusing as described by (1) is realised only for an infinitesimally narrow rocking curve. Bent-crystal rocking curves are broadened with respect to the intrinsic Darwin width, and the deviation of the focus size from geometrical optics can be significant. The broadening is due to changing reciprocal lattice vector orientations as well as d-spacing and asymmetry-angle variations. For cylindrically bent Laue crystals the rocking-curve broadening, A0, is given by
where T denotes the crystal thickness and s o are the elastic compliances for the given crystal orientation and asymmetry angle (Schulze & Chapman, 1995) . The rockingcurve broadening can lead to a substantial gain in integrated reflectivity as compared with the flat-crystal case, with the upper limit set by the kinematical reflectivity.
The models describing the diffraction of X-rays in distorted crystals can be separated into two classes which differ in the amount of the admitted variation of the amplitudes of the electric field on transition through the crystal. The geometrical theory as outlined by Penning & Polder (1961) and Kato (1963 Kato ( , 1964 does not cover the creation of new waveflelds for strong crystal deformation, which is accounted for by the wave-optical theory developed by Takagi (1969) . However, Gronkowski & Malgrange (1984) demonstrated that the theories are equivalent in terms of the propagation of the X-ray beam in the bent crystal, and Krisch (1993) showed the same for the rocking curves. The only exception is the range of quasi-total reflectivity in the Bragg case, where the strong complex component of the wave fields conflicts with the properties of well behaved beams, which form the foundation of the geometrical theory. Yet, in the hard X-ray range, the intrinsic Darwin width is usually negligible compared with the rocking-curve broadening, A0, and the contribution of the total-reflection range can be safely neglected in the derivation of the focusing properties of bent Bragg crystals.
Polychromatic focusing
When a polychromatic pencil beam enters the bent crystal, rays of different energies within the rocking curve will propagate on different trajectories inside the Borrmann fan. The trajectories are of hyperbolic shape and the different energies are spread over the Borrmann fan at the exit surface. In order to determine the reflection angle for different rays, we have to take two boundary conditions into account. First, the tangential components of the wavevectors have to be constant at the crystal surface, which also holds for the flat-crystal case (Matsushita & Kaminaga, 1980) . Second, due to the crystal curvature, the reciprocal lattice vectors change orientation over the Borrmann fan. Apart from the flanks of the rocking curve the two terms depend linearly on energy and sum to the Microfocusing of hard X-rays with cylindrically bent crystal monochromators total divergence of the reflected beam:
where b = cos(x + 0)/cos(x q: 0) denotes the asymmetry factor, A00 is the rocking-curve width and BF is the size of the Borrmann fan. The second term in (3) represents the rotation of the reciprocal lattice vector and is not present in the fiat-crystal case. The distinct position-angle coupling over the Borrmann fan gives rise to a real or virtual polychromatic focus, with the polychromatic focus length given by qpoly = BFVh/AOpoly.
(4)
In general, the polychromatic and geometric foci do not coincide, giving rise to the focus broadening known as 'crystal depth broadening'. However, it can be seen from (2) and (3) that, for an adequate choice of the crystal asymmetry angle, the two focal lengths become identical. In this case the resulting focus size is limited by the Trajectories of a polychromatic pencil beam inside and outside of the bent Laue crystal monochromator. The dotted line indicates the Bragg planes. The colours represent the energies within the 50% reflectivity limit of the rocking curve. The dimensions inside the crystal are given in millimetres, those outside of it in metres. Note that A0 changes sign when the beam is incident on the lower (convex) side of the Bragg planes, giving rise to an almost parallel diffracted beam. In this case, geometrical and polychromatic foci are far apart and the focus has the size of the Borrmann fan. The geometrical focal length is 1 m. demagnification of the source size only. This situation is depicted in Fig. 1 .
Different limitations exist for the Laue and the Bragg cases. In the latter it is only in the symmetric case (b = -1, 1:1 focusing) where the first term in (3) vanishes and the second matches the geometrical beam divergence independently of the energy. In the focusing Laue geometry the condition can be fulfilled for all magnifications for slightly asymmetric crystals. However, since the Borrmann fan width varies as a function of energy, while the geometrical focal length remains almost constant, a given asymmetry angle corresponds to one energy only and deviations cause a focus broadening.
Experimental set-up
A focusing Laue monochromator was designed for highpressure diffraction experiments to deliver a focal spot diameter of 25 gm at 30 keV photon energy. The corresponding experimental set-up at ESRF ID9 (Mason, 1995) and the crystal parameters are shown in Fig. 2 . The large focal distance of 1 m provides sufficient space for bulky pressure cells and auxiliary equipment. The (111) reflection of silicon was chosen because it has the smallest Borrmann fan. In consequence, the depth of field is the largest and the focus size displays the lowest sensitivity to energy changes. For the crystal parameters, as summarized in Fig. 2 , the integrated reflectivity of the bent Laue monochromator (29.2 grad) exceeds those of the flat Bragg or Laue counterparts by factors of 2.5 and 6, respectively.
Experimental results
The focusing properties of the bent-crystal monochromators were tested at the ESRF optics beamline BM5 (Mason, 1995) . The source distance, p, was 40 m. Fig. 3 depicts the profile of the horizontally focused beam as obtained from the derivative of a knife-edge scan. The incident beam size was 1.5 x 0.1 mm 2 (H x V). The focus is more than 15 times smaller than the Borrmann fan. It exceeds the size of the demagnified source (6.5 p.m) since the energy was 27.15 instead of 30 keV. Because of the box-shaped rocking curve, the focus profile is free of long-ranging tails and the only background arises from Compton and thermal diffuse scattering. Moreover, owing to the almost normal beam incidence, slightly asymmetric Laue crystal foci display little spherical aberration. Fig. 4 represents the focus broadening resulting from spherical aberrations for different horizontal slit sizes for a bending radius of -2.05 m. Even for a slit size as large as 5 mm, an almost Gaussian beam profile can be achieved by moving the sample slightly out of focus.
Focusing
Diffracted beam divergence
It was stated in the previous section that the formula for calculating the divergence of the diffracted beam is also valid in the Bragg case. Fig. 5 represents a comparison of experimental and theoretical values as calculated using (3). The agreement is satisfactory. It should be noted that the Bragg geometry is less suited for microfocusing. For demagnifying asymmetric cuts (b < -1), polychromatic divergence and reciprocal-lattice-vector rotation are of opposite sign, i.e. A0poly is small and consequently the polychromatic focal length exceeds the geometrical one significantly. For asymmetry factors b between -1 and 0, the mismatch of the two focal lengths is reduced, but in this case the shallow beam incidence causes severe spherical aberrations.
Energy dispersion
The strong crystal curvature in the focusing Laue geometry results in a substantial variation of the angle of incidence across the crystal surface giving rise to a broad energy band and a large divergence of the focused beam, both effects deteriorating the resolution of powder dif- (5) where the negative sign corresponds to the non-dispersive side. When sample and monochromator lattice spacings are equal, the resulting divergence of the diffracted beam on the non-dispersive side is equal to that of the primary beam. Fig. 6 shows a comparison a cylindrically bent platinum-coated mirror. The focal spot dimensions are smaller than 15 x 30 lain 2. The flux, as measured by means of a silicon diode, is 7.6 x 1() l~ photonss -~ at 204 mA ring current and an energy band path of 10 -3, equivalent to 1.3 x 10 ~ photons s -1 (100 rnA) -I l, tm -2. Typical image-plate exposure times are 5 rain at 150 mA. Because of the low absorbed power in the thin Laue monochromator, the thermal stability is excellent after a warm-up period of 10 min.
The monochromator is now routinely used for high-
References
pressure experiments at ID9. The high flux in conjunction with the clean beam profile allows data of unprecedented resolution and sensitivity to be collected. Fig. 7 shows an example of a powder diffraction image of N2 at 180 kbar. The weak reflections beyond 13 were observed for the first time, with the upper limit of 24 being set by the anvilcell opening angle (Hanfland et al., 1998) .
Conclusions and outlook
The so-called 'depth broadening' of bent-crystal monochromators can be overcome by a correct choice of the crystal asymmetry angle, allowing source-size-limited foci to be achieved. Recently, a focus size of 1.2 lam at 90 keV photon energy was measured using a bent Laue crystal monochromator (Lienert et al., 1998) and, theoretically, diffraction-limited loci of the order of 0.2 lam should be achievable.
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The polychromatic focusing geometry is optimally suited for energy-dispersive experiments, such as dispersive-EXAFS, as well as techniques which tolerate a larger energy band path, such as SAXS. In olhcr applications thc detrimental effect of the large energy bandwidth can be overcome when dispersion compensation can be applied.
